Free-running Fabry-Perot lasers normally operate in a single-mode regime until the pumping current is increased beyond the single-mode instability threshold, above which they evolve into a multimode state. As a result of this instability, the singlemode operation of these lasers is typically constrained to few percents of their output power range, this being an undesired limitation in spectroscopy applications. In order to expand the span of single-mode operation, we use an optical injection seed generated by an external-cavity single-mode laser source to force the Fabry-Perot quantum cascade laser into a single-mode state in the high current range, where it would otherwise operate in a multimode regime. Utilizing this approach we achieve single-mode emission at room temperature with a tuning range of 36 cm −1 and stable continuous-wave output power exceeding 1 W at 4.5 µm. Far-field measurements
show that a single transverse mode is emitted up to the highest optical power indicating that the beam properties of the seeded Fabry-Perot laser remain unchanged as compared to free-running operation. however, since the cavity supports multimode operation, a FP-QCL does not remain singlemode over more than typically a few percent of its power output range 10 . On the other hand DFB lasers include gratings in their waveguide in order to support only single-mode operation; however, this comes at the cost of a more complex fabrication process, and their power output is usually lower than their FP counterparts. Careful engineering of the DFB grating also has to be done to ensure a proper single-lobe beam 9 . More recently, double-section devices consisting of a DFB QCL section coupled to an amplifier section 11, 12 have been shown to emit up to 1 W single-mode under the appropriate driving conditions. However, tuning of the emission wavelength of DFB-based devices relies on controlling their temperature and results in a strong variation of the output power as a function of the tuned wavelength. In laser diodes, injection-locking has been used to control the spectral properties 13-15 of the device. This technique consists of injecting light from a master source into a slave laser to lock the spectral emission of the latter. Injection-locking has also been demonstrated in QCLs with mutually coupled Fabry-Perot and DFB lasers, allowing to achieve a total output power of the order of 40 mW 16 , or to improve the stability of a QCL 17, 18 .
In this letter, we propose a different approach than DFB lasers, and obtain high-power single-mode emission from a FP-QCL by injecting an optical seed. We first discuss the limits of the single-mode regime of free-running FP-QCLs in relation to their facet coatings. Then by using an external cavity QCL, we demonstrate injection-locked single-mode operation of a The typical spectral evolution observed in CW FP lasers is the following: just above threshold, the laser operates in single-mode; as the pumping current is further increased, the emission spectrum evolves into a multimode state (either a dense state with adjacent cavity modes populated or a harmonic state with modes separated by several cavity free spectral ranges). The evolution into a multimode state results from the single-mode instability and is explained by a combined effect of spatial hole burning and population pulsation nonlinearity 10 . In Fig. 1 we plot the total output power curve of two FP lasers (cavity length:
6 mm, width: 5 µm) fabricated from the same process and which differ only in the facet coatings. One laser has uncoated facets while the other has anti-reflective (AR, R ≈ 1%) and highly-reflective (HR, R ≈ 99%) coatings on each respective facet. In this figure we emphasize the dynamic range of the single-mode regime (red part of the curve) and that of the multimode regime (gray part of the curve). In the inset of Frequency (THz) The previous characterization shows that the free-running FP laser does not remain single-mode for the complete extent of its power range due to the occurrence of the singlemode instability. In order to broaden the power range of single-mode operation, our approach consists of injecting a light seed generated by a tunable single-mode laser into the cavity of the FP-QCL to prevent its operation in a multimode regime. The schematic of the experimental setup is shown in Fig. 2(a) . The FP device is the HR/AR laser presented in The injected beam was blocked every time the emission wavelength and power of the EC QCL was tuned or when the current of the FP laser was changed.
The EC-QCL was tuned to 2235 cm −1 and the pump current of the FP laser was progressively increased above 1 A. At each current step the light from the EC-QCL was unblocked, then the emission spectrum of the FP-QCL was measured and finally the light was blocked again. When the FP-QCL current reached 1050 mA we measured a single-mode spectrum as shown in the inset of Fig. 2(a) . The output power of the FP-QCL at this pumping current was slightly above 1 W. To assess the stability of such a single-mode state, the beam from the EC-QCL was successively blocked and unblocked multiple times while the emission spectrum of the FP-QCL was measured. The FP-QCL always returned to a multimode state (spectrum shown in the inset of Fig. 2(a) ) after the seed was blocked. The emission spectrum of the FP-QCL became single-mode again after the beam was unblocked, thus
showing the repeatability and reversibility of the process. We also studied the influence a schematic of the energy levels of the active region can be seen in Fig. 1(a) therein. The seed has an amplitude of 1.0 kV/cm, a frequency detuning of 0.32 THz, and is turned on at t = 0. Before that, the laser operates in a dense multimode state (see Fig. 2(b) ). The laser evolves into single-mode state in about 200 roundtrips, as shown in Fig. 2(b) (Multimedia view). Based on the simulation, we explain the dynamics of the optically-injected FP-QCL as follows. As the power of the seed is chosen to be slightly larger than that of the lasing modes reflected from the AR facet, the seed, which propagates as a running wave, competes with other longitudinal modes. This leads to the depletion of the gain of other longitudinal modes (see, for instance, Fig. 2(b) , t = 120τ RT ) and suppresses them, so that a single-mode regime may be established after many round-trips. The scheme presented here is similar to injection-locking as described in Ref. 20 , however, when compared to the text-book case of injection-locking, our FP-QCL emits a multimode state when it is not optically injected.
The emission of the FP-QCL can be experimentally tuned over a range of 36 cm −1 using the following protocol. First the EC-QCL has to be set to the desired emission frequency.
Then the pumping current of the FP-QCL is adjusted in order to thermally-tune the position of the cavity modes, so that the injected seed corresponds to one of them. By applying this
tuning protocol, we demonstrate in Fig. 3 (a-c) the tuning range of the injection-locked single-mode operation. Even if the injection-locked scheme allows to tune the emission of the FP-laser close to one of its mode frequencies, the latter can be tuned by adjusting the pumping current, thus allowing any arbitrary single-mode frequency to be emitted without significant variation of the output power.
In Fig. 3 (a) the output spectra of the FP-QCL are shown for various emission wavenumbers of the EC-QCL: this plot shows that upon injection of the single-mode from the EC-QCL, the output spectrum of the FP-QCL can be tuned over 36 cm −1 while remaining single-mode. The top part of Fig. 3(a) shows the intensity single-mode emission on a linear scale as a function of the emitted wavenumber. We show in Fig. 3 (b) (respectively in Since the EC-QCL light is injected at an angle by the off-axis parabolic mirror, we wanted to determine whether this scheme causes the FP-laser to emit light into higher-order transverse modes, thus degrading the beam quality. To characterize the beam, we then measured the far-field emission of the FP-QCL in both free-running and injection-locked single-mode regime. The FP-QCL was driven by a current of 1085 mA and injection-locked at 2235 cm −1 . The collimating parabolic mirror (see Fig. 2(a) ) was removed and the farfield radiation was measured in the transverse plane (blue curve in Fig. 4(a) ) and in the longitudinal plane (blue curve in Fig. 4(b) ) by using a thermoelectrically-cooled HgCdTe photodetector (Vigo PVI-4TE). The same measurements were repeated with the EC-QCL turned-off to measure the far-field of the FP-QCL without injection (red curves in Fig. 4 ).
The two far-field profiles do not show significant changes except for a peak (see arrow in Compared to other integrated systems using a DFB master oscillator and generating similar or higher power 9,12 , our technique ensures that the maximum power of the FP laser is extracted over the whole emission range (36 cm −1 ) into single-mode emission, whereas the tuning of a DFB master oscillator only achieves a narrower tuning thanks to a significant variation of the temperature and thus results in uneven power over the emission range.
To conclude, we demonstrated here a method to achieve, through optical injection, powerful and widely-tunable single-mode operation of a FP-QCL, a system that would otherwise emit a multimode spectrum. The single-mode operation was achieved with a total output 
